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CURIUM DATA SlEEETS 

I. CURIUM-244 

A.  CURIUM-244 METAL 

1. Composition 

REYERENCE C O L W  

1. I-IAU’-LIFE: 1.8.1 y 

a. Radi onuc l id i c  abundance 

Element MinirriLurl, 74 Maxiirium, 5 
Cm 99.5 99.8 
Am 0.5 0.2 

An average 244C1n product will have tine 
fo l lowing  a n a l y s i s  : 

I so tope  5 Abundance 

95.5 
1.6 

2 4 4 . ~ ~  

24SClll 

2 4:jAm 

“C1n 2 . 7  

0.2 

b. Radiochemical p u r i t y  

Because OP t h e i r  l ong  ha l r - l - ives ,  tine 245-r 

(Tl /z  =i 8000 y )  i m p u r i t i e s  act; a s  i n e r t  di . luents  
and c o n t r i b u t e  <O.l$ of‘ t h e  total source power. 

The rad-iat ions from t h e s e  i m p u r i t i e s  are weak. 
garmnas o r  a lpha  p a r t i c l e s  and can be negl.ected 
because t h e y  a r e  readi-ly shiel.tled. The prompt 
garmms and neutrons from t h e  swntaneous  f i s s i o n  
w i l l  be onljj a. few percent  of t h a t  ob ta ined  €rorn 
spontaneous f i s s i o n  of 2 4 4 ~ r n .  

Since the 2 4 4 C ~  decays to 240Pu, t h e  plutoni.um 
content  i n  .the sample w i l l  slowly b-ui1.d u~) a f t e r  
t h e  f i n a l  p u r i f i c a t i o n  s t e p  as shown i n  t h e  foL- 
lowing table. 

Time, months 240Pu, $ 

(TI/;? = 8000 y) ,  246: Cui (l’l,~ = 6600 y), and Clil ‘43Arr, 

0 0 

,7.2! 2 . 7  

18 6.4 

36 12.3 
90 27.8 

3 
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2 .  Specific Power 

a .  2.6‘7 wat ts /g  of meta l  (95.5% 244Cm content) 2, 5 ,  4 
Tt i s  assumed t h a t  t h e r e  a r e  81 curies/g of  
244Cm and that t he re  are 34.3 w a t t s / k i l o c u r i e  
of 244~m. 

b .  77.4 curies of 244Cm per  gram of  metal 2, 3 ,  4 

3 .  Rad.i.at ion  

a .  Al-pha pa r t i - c l e s  2, 5 

Max E, Avg E, Abundance, 
w/k i locur ie  Particles 1 J - l  See-’ % -_ Nuclide MeV Me v 

I_ 

244cm 5.801 >A01 76.7 3’c. 3 0.825 x 

>.759 5.1>9 25.3 - 0.2y x 1ol2 

T o t a l  alpha power 34.3 
I 

The volume of helium f r o m  alpha decay as  a 
func t ion  o f  decay t i n e  i s  given i n  the  follow- 
ing t a b l e .  

Volume o f  Helium as  a Funct ioa of  Decay Time 

em3 of He p e r  g of 244Cm Time 
(s ta .ndard cond i t ions )  Years _ _  X a l f - l i E  

6.15 
1.1.. 8 

17.3 

22.1 

26.9 
31.2 

35 - 3  

39.1 
42.6 

45.9 
59.3 
68.9 
80.3 
86.1 
88.9 

91.7 

1.8 

3 *6 
5 . I-! 
‘r.2 

9.1 
10. g 
12.7 
1-4.5 
16.3 
18.1. 
27.1 
36.2 
54.3 

90-5 
18l. 0 

72. I+ 

0 .I. 

0.2 

0.3 

o.J+ 
0.5 
0.6 
0. ‘I 
0.8 

0.9 
1.0 

I~. 5 
2.0 

3.0 
4.0 

5.0 
1-0.0 
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c .  Ganuna 

T h e  garrmms come from t h r e e  sou.rees. 
a r e  the gammas as soc ia t ed  wi th  t h e  alpha deca.y 

fro111 spontaneous f i s s i o n .  The i : ' i ss ior~-prod~~.ct  
gammas c o n s t i t u t e  t h e  third gama. source .  The 
gaaum-emissi.on ra tes  a r e  given i n  the r"o1lowing 

F i r s t  t h e r e  

Second.l:y, t h e r e  a.re t h e  prompt g a m a s  
of 24.1 Cm. 

t a b l e  . 2, 3,  5 

0.04.2 
0.10 
0.15 

h- ompt garmas from s pont ane ous +r i s  s ion 

4.34 x 10" 1.0 
1.084 x 10' 1.5 2.3 

3 00 
5 .0 

I.15 x 10" 
2.03 x 10" 
2.'(1 x 10" 

E i s s i o n  -pro duct )<amnia s 

3.84 x 10" 

l"66 x lo6 
3.20 x 10j 
'1.73 x 10" 

0.63 

1 - 5 5  
2.38 
2.75 

1.b2 x 10" 1.1 

d . Brerris s t r a  hlung - norle 

e -  Neu-trons 

f r o m  spontaneous i'i ssion 
(Half - l i f e  f o r  spontaneous fission i s  
i.'+ x 107 y )  

1 . 5 1  x 10" neutrons see-' w - l  of 244Cm 

5, 6, 7 

5 
from (a,n) r e a c t i o n  on oxygen 
i n  Cm203 
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The energy d i s t r i b u t i o n  of spontaneous f i s s i o n  
neutrons from '""~m i s  gi-ven i n  t h e  fol lowing 
t a b l e .  

Spontaneous F i s s i o n  Neutrons Prom Curium-244 

Energy , Abundance, 

Mev neutrons see-' w - l  of 2 4 4 ~ ~ 1  

0.3-0.4 
0.4-0.6 
0.6-0.8 
0.8-1.0 

1 .o-1.2 
1- .2 -1.4 
1.4-1.6 
1.6-1.8 
1.8-2.0 

2 * 0-2.2 
2.2-2.4 
2.4-2.6 
2.6-2.8 
2.8-3.0 

3.0-3.2 

3 . ) t  -3.6 
3.6 -3 -8 
3.8-4.0 

4.0-4.4 
4.4 -4.8 

3.2-3.4 

11. .8-5 *2 
5.2-5.6 
5.6-6.0 

6.0-6.4 
6 .4-6.8 
6.8-7.2 
7.2-7.6 
~7.6-8 0 

1 ~ 5 1  105 
3.13 i o5  
3.20 i o 5  
2 . n  105 

2.84 io5  
2.80 x io s  
2.44 105 
2.19 i o 5  
1.9 x LO5 

1.80 io5 
1.65 io5 
1.58 x ioL 
1.30 x l o 5  
1.08 io5 

1.01 135 
0.97 io5  

0.75 i o 5  

1.04 io5 
0.86 io5  
0.65 i o 5  
0.50 x l o 2  
0.40 io5 
2.95 x l o 4  
2.12 LO* 
1 . 4 (  10" 
1.12 io4 
0.90 1_04 

0.93 x 10" 

0.79 x I O 3  

8 .o-8.8 1.01 10" 
8.8-9.6 2.95 io3  
9.6 -10.4 3.1- io3 
10.4-11.2 2.05 1.0~ 
1.1.2 - 12 .8 1.40 io3 

3 
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3 The energy d i s t r i b u t i o n  of' neutrons occurr ing  as 
a result of t h e  c o l l i s i o n  of f a s t  a lpha pa r t i c l - e s  
from 244Cm decay with  oxygen atoms i n  CmzO3 i s  
given i n  the fol lowing t a b l e .  

Neutrons From (a,n) Reactions With Oxygen 

Energy , 
M e  v 

Abundance, 
neutrons see-' w-l of 2 4 4 ~ . [ n  

0.2 1.62 x LO' 
0.4 0.69 x 10" 
0.6 0.83 lo3 
0 .R 1.69 io3  

1.4 0.61 104 
1.6 0.83 104 
1.8 1.01 x 10" 
2 .o ~ 1 9  104 

2.2  1.33 x J_O4 
2 .4 1.ito IO* 
2 .I; 1-40 l o 4  
2.8 1.37 x lo4 
3.0 1 . 2 2  104 

3 - 2  1.01- io4  
0.79 lo4  
0.50 10" 

3 -4 

3.02 x io3 
3.6 
3 -8 
4 * 0 2.01  io3 
4.2 1.37 103 
l+ .h  0.86 10" 
4.6 0.72 x i(F 

1.0 2.70 x 10" 

1.2 0.43 x LO" 

4 .  Cr i t i ca l .  Mass 

a 'The c r i t i c a l  Inass of unref lecLed an.d reflected 
spheres  oE 244C~i and 244Crn203 have been cal.cul.ated 
by C .  W. Craven, Jr., a t  ORNL us ing  the C T O S S -  

s e c t i o n  d a t a  avail.ab1.e as of' Moveniber 1-965. 
r e s u l t s ,  shown i n  t h e  fol lowing t a b l e ,  agree wi th in  
10% of t h e  r e s u l t s  obtained. i n  the replacement 
experiment at Los Alarms. E 

T'ne 
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c al.cul. t e d  C 

kLEPH:RXNCE COLUMN 
._.---I_ 

i t ica ' l -  Mass of 244Cm and 244Cm20y 

Rzflecior C r i t i c a l  Core 
Density,  T h i c kne s s , C r  i t  i c a1 1- ad iu s , 

Mixture g/cm3 Mixture m a s s ,  kg Clll 
.-- em ..-. .. 

1 2 . 5  5.97 Cma 1'c . 0 Bare -- 
2 1 . 1  7.8031 10.60 Bare - -  

Crn203  9.01 Bare -- 29.2 9.1803 

Crn& 10.60 A u - H ~ O  2.0-7.5 13.5 6 .7188 
CrnpO? 10.00 Au-1120 4.0-15.0 11.9 6.4540 

Cm203 10.60 Au-1120 0.5 -2.0 16.5 7.1566 

C r i t i c a l  Mass Equations -_ 
Cm: Me = 2450/p2 (kg) Cm2O3: M, = 23,(0/p2 (kg) -____ . . ....._. 

Assumed composition: 98.07 w t  % 244Cm and 1..93 w t  $ 24'Pu. 
a 

5. Compa t ib i l i t x  With Mate r i a l s  of  Containment - -  

6.  Thermopiiysical P rope r t i e s  - 
a .  Densi ty  

13.51 g/cm3 of metal 

b .  CoePficient  of thermal expansion 

= 7.5 x I O - ~ / O C  

ac = 6.2 x J.O-"/"C 

e .  S p e c i f i c  hea t  and en tha lpy  

(1) S p e c i f i c  hea.t 

0.0270 cal "C-' 

( 2 )  Entllalpy i n  c a l o r i e s  

H~ - H, = 6.48 + 3.53 x 1 0 - ~  t2 

+ 1.49 x lo-" t" 
(Nd temperature i s  0-400°C and 
t i s  i n  "C) 

d.  Temperatures of  phase t ransformat ions  

(1) Melting point  - 1340°C 

( 2 )  Boiling point - jlOO°C 

b o i l i n g  p o i n t s )  
(Average of terbium and gadolinjum 

11 (Nd) 

12 (Nd) 

9 
1.3 



e .  Latent heats of phase transforrriztTons 

AIi f u s ion  37.5 kcal/mole ( H i c h a r d f s  r u l e )  11 

AH vapor iza t ion  r''('.O kcal/mol_e (Trouton ' s  r u l e )  11 

f. Vapor pressure  

l o g l o  P = R.)L - l8,400/T 14 
(T i s  in "K and P is  i n  t o r r )  

T h i s  i s  an average oT neodymium, gadoliniurn, 
and te rb im.  

g . Thermal conduct iv i ty  

at 26°C -1 O C - 1  0.021 c a l  em-' sec 

11. Thermal. d- i f fus iv i  ty 

0.575 c1n2/sec at 26°C 

T h i s  value was calculated by d iv id ing  the  
product of t h e  s p e c i f i c  heat and density i n t o  
the thermal conductivity. 

i. V.i.scosity 

2.5 c e n t i p o i s e s  z i t  13'-tooc 

j. S u r f x e  tension 

500 dyn/cm 

k .  T o t a l  hemlspl-ierical emit tance 

O.3'( at; 89°C 

1. Spectral e r n i s s l v l t y  

0.55  

A higher  v a h e  of' 0.9 can be assumed j.T t h e  
metal surfa.ce i.s 0xidii:ed or i f  impurities 
are presen t .  

m. Crystal lography 

double hexagonal close pack-et3 

a = 3.1+$ -t 0.003 A 
c = 11.331 2 0.005 A 

n . S o 1.u-b i l i t  i e s 

Reacts strongl.y w i t h  water 

15 ( M )  

16 

1.7 

1.3 (Pu) 

19 (Er) 

5 

20 

r 0 .  Uillfusion r a t e s  
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7. Mechanical PK?yt.rt i e s  

a.  I-Eardne s s 

Vicke r ' s  - 97."1 
b .  Crush vLrength 

'( (41 kg/cr2 

8.  Chemical P rope r t i e s  -- - 
a .  Heat and f r e e  energy of formdtion, en t ropy  

(I) Heat of  for.mai,ion 

Zero - by def i l i i t , ion of  s t a n d a d  s t a z e  

( 2 )  P'ree energy of formatjon 

Zero - by d e f i n i t i o n  of s tandard  s t a t e  

(3 )  Enti-opy ( tempera ture)  

SSS~ = 15 c a l  "c-' mole-' 

b .  Chemical r e a c t i o n s  and r e a c t i o n  r a t e s  
(oxygen, n i t rogen ,  wa.ter, s t e .m ,  hydrogen, 
1-iquid metaJs, o t h e r )  

(I) 
(2) 

Oxygen a t  room teruperature -- slow 
Oxygen a t  e l eva ted  temperature - f a s t  

(3) I t i t rogen at, room temperature  - very  slow 

(4) 
(5) 

Nitrogen a t  elevaLed temperature  - sI.ow 

Water ai; room temperature  - f a s t  

(6) Hydrogen a t  room temperature - s h w  

(7) IIydrogeii a t  eleva,ted. temperature  - fast 

22 (Am) 

9 
9 

23 

23 
20 

20 

20 

9. Biol.og%cal. ToI.erances 

Maximum pPrrrLissibl_e body burdens aad maximum 
permiss ib le  concent ra t ions  of  244Cm i n  a i r  and 
water a r e  shown i n  the t a b l e  on t h e  fol lowing 
page. 

Gamma dose r a t e s  w i b h  w a t e r ,  i r on ,  l ead ,  an? uranium 
s h i e l d i n g  a r e  s iven  i n  Figs. 1-5 f o r  24"Cm power 
soimces o f  1.00, 200, 500, 1000, 2000, 5000, 10,000, and 
20,000 w a t t s .  
are given i n  Fig. 6. 
Be, CH, C I k ,  o r  L i H  can be esti-mated by usi.ng F?:.g. 6 i n  
conjnnct ion w i t h  Fig.  '(. 

Neutron dose r a t e s  w i t h  water shie1din.g 
Neutron dose r a t e s  on s h i e l d i n g  -with 



Y 

&laximGq Permissible  Body Burdens and Maxinum Permissible  COnCentrat'onS 
2$ for Radionuclides i n  A i r  and i n  Water %or Occupational ExpoSue 

3 O-cpan of  re ference  Max. permissible  Maximan pemiss ib le  concentrat ions,  pc/cm 
Radionuclide and [ E r i t i c a l  organ blmden i n  t o t a l  For  40-hr week For 166-hr week 

A i r  
_ *  %Type of decay underscored) bow,  C h - 4  water Air Water 

Bone 
; 
I Liver 

- 

( s o l )  i Xiciney 

1 T o t a l  Body 

I G I  \ (LLI)* 

"TIE abbrevia t ions  G I  and LLI refer  t o  t h e  gastro5n;nst lnal  5 r a c t  and lox-er l s r g e  i n t e s t i n e ,  respectively. 
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Fig. 1. Gamma Dose Rates From UnshieLded I s o t o p i c  Power 
Sources of Curium-244 as a Function of Dis tance  From Center of Source.  

UNCLASSIFIED 



ORNL-DWG 63-8484 1 o4 

103 

c s e - - 
3 102 

s E 
w 

101 

1 
2 4 6 8 12 14 16 18 20 22 24 26 2a 30 u 

SHIELD ThlCCNESS icm! 

F i g .  2 .  Gmma Dose Rates From Iron-Shielded I so top ic  Power Sources of Curium-244. Center of' 
source t o  dose poin t  separa t ion  d is tance  = 100 em. 



U
N

C
L

A
S

S
IF

IE
D

 

1.2 

! 

a 

I ~ 
_. 

11 ........... 
N

 0
 

.......... 
.- 



O R N L  DWG 63-8485 

SHIEI-D THICKNESS ( c m )  

Fig. 11. Garma Dose Rates From Lead-Shielded I s o t o p i c  l’ower Source 
of Curiwn-21t4. Center of source t o  dose point sepa ra t ion  dlstance = 100 cm. 
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Fig.  5 .  Gamma Dose Rates 
Sources of curium-244. Center 
dis tance = 100 em. 
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Fig. 7. F a s t  Neutron Dose R a t e  (Mul t ip l ied  by 4rtr2) in Various 
Mate r i a l s  as a Function o f  Pene t r a t ion  Depth From a Unit Poin t  Isotropic 
F i s s i o n  Source. 



1.. 

2. 

3 .  

4. 

5 .  

Compos it ion  

a .  Radionuel i d i c  abundance 

See Sec t ion  I . A . 1 .  

b .  Radiochemical- p u r i t y  

Sec t ion  Sec t ion  I .A. 1.. 

Specific Power 

a .  2.53 wat t s /g  of pure CITQO~ (91.0% ':"*~rn me ta l )  
2.1+2 wat ts /g  of CrrkOg  (86.s Cm meta l )  

It i s  assumed t h a t  there a r e  81. curies/p; 
of 2 4 4 ~ ~ 1  meta l  anit 34.3 watts /ki l -ocurie  of 
244Cm. 

b. 73.7 c u r i e s  of 244~m per  gram o r  pure C T X ~ ~ O ~  

'10.5 c u r i e s  of " 4 4 ~ m  per gram or CmzO3 
(91.0% 244~m meta l )  

(36.9;  Cm metal) 

Rad i a t  i on 

The r a d i a t i o n  i s  given under Sec t ion  I . A . 3 .  

C r i t i c a l  Mass 

See Sectj-on I . A . 4 .  

Compat ib i l i ty  With Materials of Containment 

A molybdenum a l l o y  con-Laining 0.5% t i t a n i u m  and 
0.15 zirconium ( T D I )  was contac ted  w i t h  a.n oxide 
mixture  con ta in ing  29 w t  $ 2 4 4 c ~ ~ 0 3 ,  57 w t  $ 
241~n02, and I)+ w t  $$ 239Pu02:. S t a t i c  capsule 
t es t s  a t  1100°C f o r  period-s of 250 and 1.000 hr 
and a t  2000°C f'or 25 h r  showed no r e a c t i o n  w i t h  
molybdenum, even though t h e  oxide fuel '~7a.s 
molten a t  2000°C. 
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WFEMNCE COLUMN _.-- 
Temp, Time, 

" C  h r  Atrn Extent  o f  r e a c t i o n  27' 
_I_ -_- System 

Cm03 powder 1800 8 Vacuum None de tec t ed  v i s u a l l y  
i n  W c ruc ib l e  

Cm203 powder 2150 1 4$ H2- N o  r eac t ion ,  wetbing, 01 

on W fil-ament (mel ted)  96% He pene t r a t ion  de tec t ed  by 
metallography o r  by f i s s i o n  
fragment autoradiography 

Cm203 powder 21.50 1 Ileliimi C u . r i u m  penetra . t ion and 

Cmz03 powder on 1.700 10 02 No curium penet ra t ion ,  

on Tr f'i.l.a.r;.ent (mel ted)  sur€ace r e a c t i o n  

Pt<O$ R h  f i l a n e n k  but pos s i b1.e s u r  face  
rea.c Lion 

6. Thermophysical P r o p c r t i e s  

a. Derisj-ty 

11.67 0.03 z/cm3 - monoclinic 
11.94 t 0.07 g/cm3 - hexagonal 

b .  Coe f f i c i en t  of thermal  expansion 
"c-I 

8.90 io-G 

1.0.60 1.0-~  

1.1..35 x lo-" 

Temperature, "C 

300 
5 00 

800 

e .  Specific heat and enthalpy 

(I) Speci-fic ineat i n  c a ~ .  g-' "c-'- 
3.7 io-" t 2.91 x T (OK) 

( 2 )  Enthalpy i n  calori .es 

d .  Trmperatures of phas? t ransformat ions  

(1) Melting poin t  - 1950°C 

- 2 1 5 0 " ~  

( 2 )  Boi l ing  po in t  - 3130°C 

( 3 )  cm20.3 (monocl inic)  t o  crn203 
(orthorhombic) - l9OO"C 
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27 (4) Decomnposj t ion temperatures to lower 
oxides at oxygen pressures as cited: 

e. Latent heats of phase transi'ormai,ions 

N-1 fus ion  17 kcal-/niol.e 

AH vaporization 85 kcaJ-/mol.e 

f. Vapor pressure 

Vaporization rate o€ C-03 is as follows: 

Terqeraiurc, "C Rate, g cm-" sec-l 

1.91-4 4.0 x 

27 

199 
1958 
1.986 
2023 

2041 

2109 
2122 

9.0 x io-" 

15.9 x 10- 
17.0 io-" 

59.8 x lo-' 
76.5 1.0-" 

1..19 x  LO-^ 
221 x lo-" 

g. Thermal conductivity 

e a 1  cm-1 s e e - 1  " C - 1  Temperature, O C 

0.0245 100 33 ( T h O z )  

0.0204 200 

0.01.04 600 
0.0143 400 

0.0081 

0.0073 

8 00 

1000 



h.  Thermal d i f  f u s i v i  t y  

cm2/sec Temperature , "c 
0.0478 100 

0.03_11 800 

0.00645 1400 

Calcula ted  by d jv id ing  the produet of t he  
s p e c i f i c  hea t  and room temperature d e n s i t y  
i n i o  the  thermal conduct iv i ty .  

i. Viscos i ty  

j .  Surface t ens ion  

k .  Tota.1 hemispherical  emit tance 

1. S p e c t r a l  emis s iv i ty  

0.20 to 0.57 
The p rec i se  va lue  i s  a func t ion  of t h e  rough- 
ness  of t h e  m a t e r i a l  sur face ,  Lhe presence of 
impur i t i e s ,  and tho e f f e c t s  OF r a d i a t i o n .  

m. CrystaLlography 

Cm203: Monoclinic, be ta - type  care-ear th  oxide 

a = 11~ .28 
b = 3.65 
c = 8.92 
f5 -= 100°2~+' 

Space group 

C$h 

S i x  u n i t s  per  cc17 

Cm;?03 : Orthorhombic 

a = (-553 
b - 6.188 
c = 3.368 

n .  S o l u b i l i t i e s  

Inso lub le  i n  water  

29 

20 

0. Difrus ion  r a t e s  



'7 .  Mechani.cal_ Proper t ies  

a . I-Eardne s s 

b. Crush s t r c n g - h  

1900 kg/cm2 

8.  Chemical Proper t ies  

b. Chcrnj.cal reactioxls and reacti .on r a t e s  
(oxygen, ni t rogen,  water ,  steam, hydrogen 
li qui ti nie t a IS, other ) 

(1.) 

(2) 

(3) Nitrogeln - no r eac t ion  

( 4 )  

(5) 

Oxygen a t  room temperature - SLOW 

Oxygen ai; elevated tcrnperature - fast 

Water - poss ib l e  inyiiration reaction 

Inorganic  a c i d s  - s o ~ _ u ~ ~ e  i n  ac ids  

9. Biol.ogicaL Tolerances 

Maxirnim permissibiLe body burdens and rmximurm 
perrfiii-;sib1.e concentrat ions of 2 4 4 ~ m  i n  air anci 
i n  water  a.re given under Section I..Ae9. 

10. Shield-ing Data 

34 (Ce02)  

20 

24 



c . Guam1 OXYSULLE'IDE (CrQ0,S) 

1. Composition 

a .  Radionucl idic  abundance 

See Sec t ion  I.A.L. 

b .  Radiochemical- p u r i t y  

See Sec t ion  I . A . J . .  

2 .  S p e c i f i c  Power 

a. 2.46 wat ts /g  of pure ~rn2OzS (88.4% 244~m metal.) 
2.35 watts /g  of C r ~ 0 2 S  (8'+.11$ 244Cm me ta l )  

It i s  assumed t h a t  t h e r e  are 81 curies/g of 
244Cm and 34.3 watts/ki.li.ocurie of 244C111. 

71.6 c u r i e s  of' 244Cm per  gram of pure CmZ0;iS 

68. IC c u r i e s  of 2 4 4 ~ m  per  gram of Crn2O2s 

b. 
(88.4% 2 4 4 ~ i n  meta l )  

(84.4% 2 4 4 ~ m  metal.) 

3 .  Radia . t ion  

The rad i -a t ion  is given under Sec t ion  I.A.3. 

11. Crrit i-cal  Mass 

See Sec t ion  1.u.4. 

5 .  C o m p a t i b i l i t ~  - I  With Mate r i a l s  of Containment 

6 .  Thermophysical Properties 

a .  Densi'iy 

9.95 &m3 

b .  Coe f f i c i en t  oI" thermal  expansion 
o c - 1  

8 . 9  x 10"" 

10.60 

n.35 x  IO-^ 
11.41. x 

2, 3,  4 



e .  SpecTfic heat and en tha lpy  

(1) S p e c i f i c  heat i n  cal 6-l "C-' 

3.62 x + 2.83 x low5 T (OR) 

(2)  Enthalpy i n  c a l o r i e s  

d.  Temperaturcs o? phase t ransyormati  ons 

(1) Melting p0Jn-t - 2000°C 
(2) Boiling point - 5Ljo"C 

e .  Latent  h e a t s  of phase transTormatlons 

AEE fusion 17 ~rcal-/mole 

Il?i-f vapori.za.t;ion 85 kcal/mo.l_e 

f. Vapor pri.ssu.re 

h. Tl iermal  d i f ' f u s iv i ty  

em;! / s e c Tenipe rat  ure , * C 

0.0>28 100 

0.0116 So0 

0.00708 14 GO 
Calcula ted  by dividing{ t h e  p r o d h c t  of t h e  
s p e c i y i c  beat and room temperature d e n s i t y  
i n t o  the thermal conductivity. 

-i. 'V iscos i ty  

j .  Surface t e n s i o n  

1. Spectral .  emissivity 

0.20 to 0.57 19 (ThOz)  

The emri.ssivi'cy value criepends on the rough- 
ness of the matcr%al surrace, r a d i a t i o n  
e f f e c t s ,  a,rid t he  presence of i.mnpuri.ties. 



m. Crys ta l lography 

hexagonal 

a = 4.008 A 

c = 6.769 A 

The c e l l  cons t an t s  should be s l i g h t l y  srnaller 
for Cm202S due t o  t h e  a c t i n i d e  c o n t r a c t i o a .  

n. S o l u b i l i t i e s  

(1) 

(2) 

Soluble  i n  s t rong  acids (Ce207-S) 

Inso lub le  j.n a c e t i c  ac id  (CezozS) 

0. Dif fus ion  r a t e s  

7. Mechanical P rope r t i e s  

a.  Hardness 

b. Crush s t r e n g t h  

8. Chemical. P rope r t i e s  

a .  Heat and Tree energy of  formation, entropy 

(1) Heat of formation 

AH", = -430 kcal/rnole 

(approximated bjr Cez02S) 

( 2 )  Frce energy o r  formation 

A F " ,  = -1~14 kcal/mole 

( ca lku la t ed  by !Tof = AH", - '?Sof) 

5288 134.3 eu 

( c a l c u l a i e d  by W .  L a t i m e r ' s  method) 

( 3 )  Entropy 

b. Chernica.1 reacti-ons and r e a c t i o n  r a t e s  
(oxygen, n i t rogen ,  water ,  s'tean~, hydrogen, 
l..iquid metals ,  o t h e r )  

(1) 

(SI) 

(3) 
(4) 

A i r  ai; room temperature - slow 
A i r  a t  e leva ted  temperature  - fast 
Water a t  room temperature  - no r e a c t i o n  

Inorganic  a,cids a t  room temperature  - r e a c t s  

38 

38 

37 

39 

38 



9. Biological. 'T'oLera.nees 

Maxiinun~ permissibl-e body 'burdens and maxiniuii 
perniiss l b l e  concentrations Cm in air and 
in water arc given under t h e  244c1p Metal Source 
Form, Sec t ion  I . A .  9. 

of 2 4 4 Y  

10. Shie ld ing  Data 

The dose rates are given under the 244Cm Metal 
Source Form, Section I.R.10. 



D. CURIUBI FLUORIDE ( C m F 3 )  

1. Composition 

a. Radi onuc l id i c  abundance 

See Sec t ion  I . A . l .  

b. Radiochemical p u r i t y  

See Sec t ion  I.A.l. 

2. S p e c i f i c  Power 

a.  2.25 watts/g of pure CmF3 (81.1% 244Cm metal) 
2.15 wat ts /q  ol" CIIIE'~ ( 7 7 . 5 %  2*4Cm meta l )  

It i s  assumed t h a t  t h e e  a r e  81 curies/g of  
244Cm and 34.3 wa t i s /k i locu r i e  of  244Cm. 

b. 65.7 c i i r ies  of 244Crn pe-e gram of pure chiF3 

62.7 c u r i e s  of  "'Cm pe r  gram o f  ~ 1 t 1 ~ 3  

(81.19 244Cri1 meta l )  

( '77.5% 244~m meta l )  

3.  Radia t ion  

'The radiation i s  given under Sec t ion  1 . A . j .  

4. C r i t i c a l  Mass 
1__1 

See Sec t ion  I . A . 4 .  

5 .  Compatibi 1.j t y  With Mater<-als of Containment 

6. Thermophysical. P r o p e r t i e s  

a .  Densi ty  

9.80 g/cm3 

2, 3, 4 

b. Coef f i c i en t  of thermal  expansion 

a = 19.74 x lom6 i- 2.62 x lo-' t 41 (BaF2) 
+ 0.15 x io-1o t2 

(t i s  i n  OC wi th  a temperatiire range of 2 6 - 2 9 6 " ~ )  

40 

e .  S p e c i f i c  heat and en tha lpy  

(1) S p e c i f i c  heat  i.n caL g-' "C-l 

7.21 x LO-2 + 2.06 x 'T ("K) 31 (AdK3) 



(2)  Ent'nalpy i n  ca . lor ies  

H~ - H~~~ = 21 T -4- 3 .  j x I.o-" T~ 
( e s t ima ted  from other. a.ctri.nide d a t a )  

d. Temperatures o€ liliase t ransforn ia t i  ons 

(J.) Mel t ing poin t  - 1406°C 
( 2 )  Bo i l ing  poini; - 2330°C 

T h i s  value is t h e  average of t h e  b o i l -  
ing points of LaF3, CeFs, and PrF3. 

31 

42 
12 

e Latent  h e a t s  of phase t ransformat ions  

AH f u s i o n  9 lica~./mole 31. (CeF3) 

aT--E vapor i za t ion  62 kcal/moI.e 31 (CeF3) 

f. Vapor pr.essu:re 

Vapor. pressure, t o r r  Temperature, " C  

5.07 853 l+ 3 

7.1.8 x io-6 943 
1.486 10.53 

5.820 io-" 1.1% 

l.725 x 10-" 1141 

Vapor pressures a r e  ?or RmF3. 

E. Thermal conducti vj t y  

ea]_ ern-" s ec - l  "c-' Temperature, C 

0.0296 0 44 (Rez) 
0.0251 100 

i? . The m a l  di iTus ivi.ty 

- em2/ s e c Temperature, "C 

0 0399 0 

0.0321 100 

Calculated. by dividing t h e  product of t h e  s p c c i f i c  
lieat and t h e  rooin temperature derisi-ty i n t o  t h e  
thermal  conduc t iv i ty .  

i. V j - s c o s i t y  

j .  Surface t e n s i o n  



-.pc 

28 

k .  T o t a l  hemispherical  emit tance 

A va lue  of 0.9 can be assumed. 

1. S p e c t r a l  e m i s s i v i t y  

m. Crystal lography 

hexagonal, LaF3-type , space group P63/mc 

a = 4.041 t 0.001 A c ~ 7.179 +r 0.002 A 

n. S o l u b i l i t i e s  

0. Diffus ion  r a t e s  

7. Mechanical P rope r t i e s  

a.  Hardness 

b .  Cri-ish s t r e n g t h  

8. Chem.i.cal Propert i .es  

a. Heat and f r e e  energy of formation, en t ropy  

(1) Heat of rorrrlation 

A H O F  = -395 kcal./mole 

(estj-mated from o t h e r  a c t i n i d e  d a t a )  

(2) Free energy of formation 

&$'Of = -3'T5 kcal/mole 

(es t imated  from o t h e r  a c t i n i d e  d a t a )  

(3) Entropy 

S& := 29 eu  

(esti .mated from o t h e r  a c t i n i d e  d a t a )  

REFERENCE COLUMN 
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31. 

31 

31 

b.  Chemical r e a c t i o n s  and r e a c t i o n  r a t e s  
(oxygen, ni t rogen ,  water ,  steam, hydrogen, 
l i q u i d  m e t a l s ,  o t h e r )  

(1) A i r  a t  r.oorn temperature - no r e a c t i o n  

( 2 )  Air a t  e l eva ted  temperature  - forms oxyf luor ide  20 

(3 )  Nitrogen - no r e a c t i o n  

( 4 )  Water - i n so lub le  

( 5 )  Inorganic  ac ids  - i n so lub le  i n  weak inorganic  a c i d  



9. Biolog-ical Tolerances 

M a x i m w n  permissible body binrdens and maximurn 
pe rm~. s s~b le  concentrations of' 244Cm i.n air. and 
5.n water are given under Sec t ion  I .R.9.  

The  dose rates are @veri u_nder Sec t ion  I.A.10. 

REFERXNCE C O L W  
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ii. CUKIUM-242 

A. CURITJM-2k2 OXIDE CEmET 

1. -. ComJosil; i on  

FGE’ERENCE COLUMN 

ILkW-LIFE: 163 d 1, 2, 5, 7 

a.  Radi.onuc1idj.c abundance 

The composition of  t h e  product w i l l  depend on 
t h e  i r r a d i a t i - o n  h i s t o r y  of khe 241Am t a r g e t  as 
w e l l  as t h e  cool.i-ng time a f t e r  removal from the  
p i l e .  
40% 242Cm. 
sepa.ration i s  used t o  lower t h e  americium con- 
t e n t  of t h e  product. 

The a n a l y s i s  f o r  a typ i -ca l  ba tch  of 241Am wi th  
a t o t a l  i n t e g r a t e d  neutron dose of 1..3 x lo2’ 
and wi th  a 90-day cool ing  and processing per iod  
( w i t h  a.J.1 t h e  plutoniwn removed) i s  as P o l l o ~ s :  

Iso‘Gope $ Abumdance 

The product i s  expected t o  be a.t l e a s t  
If i t  i s  not t h i s  high, an Am-Cm 

2 4 1 h  47.5 
2 1.6 

2 4 3 b  7.7 

2 4 3 ~ ~  0.5 
244 Cm 0.8 

242cm 41.9 

Tile decay of 242Cr~ t o  238Pu i s  i l l l i s t r a t e d  i n  
t h e  fol lowing t a b l e .  A 10-g product wi th  40% 
242Cm and 60$ o i h e r  a c t i n i d e s  i s  assumed. 
decay i s  shown f o r  163 days. 

The 

Tjme, days 242cm,  p, 238Pu, & 

0 4 .OO 0 

16 3 .  I3 0.27 

32 3.48 0.52 

65 3 -03 0-97 
81.5 2.83 1.17 

9 2.46 I .54 

163 2.00 2 .00 

The oxide mixture w i l l  be Am02 and C1f1203. This  
will be suspended i n  a n e u t r a l  mat r ix  m a t e r i a l  
t o  give the  prcscr ibcd  power dens i ty :  

30 v o l  5 oxide mixture  
70 v o l  mat r ix  m a t e r i a l  

.% . w 

46 
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b.  Kadi ochemical pu r i ty  

The only important lieat con t r ibu to r  t o  t h e  46 
242~1r1-sourcc. material is c'r42 Cm. T l i ~  fol low- 
ing t a b l e  shows the eontrjtution of each 
isotope t o  10 g uf t h e  oxide mixture.  

Iizat Cont r ibu t ion  of Each Isotope of the "' Cin Product 

2. 

Half - SpecLfic 4 of l ieat  contr-ihution 
Nuclide I.i.fe a c t i v i t y ,  w/g nuclide watts % 
"41kll 14-38 y 0.106 47.5 0.50 0.1 

24Zhr, 152 y 0.034. 1. .6 0.05 0.01 

243~Am 7650 0.006 7 ' '7 0.005 0.001. 

L T ~  163 d 120.0 

cril 32 y 1.. 44 0.5 0. G'j' 0.015 

41.9 502.8 99.8 242 n 

243 

244C, 18.1 2.75 0.8 0.22 0.05 
23npu 89 Y 0.55 

The a'bo-vc contamina.tions car1 be reduced to [uucli 
lowex' Ir-vcI-s by a d d i t i o n a l  processing. 

a .  Rlp1i.a pa r t i c l e s  5 

Max E ,  Avg E, Abundance, 
Nuclide Mev Mev of P w / : k i l o c i i r i e  Particles 1 v - l  sec-' 

242 ~ : m  6 .U 6 .1.1 73 * '9 36.10 0. '75.5 x Io= 
6.066 6.066 26.3 0.270 x 1 - 0 ~ ~  

n iota]. po-c.j.e:r 36.10 
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KEE’ERENCE COLUMN 
The arnoimi of hel-ium produced by a lpha  decay 
of 2 4 2 ~ m  as a func t ion  of t i m e  i s  gjven i n  
t h e  fo l lowine  t a b l e .  

Vol.ume of  HeLium as a Funct ion of Decay Time 

ern3 of He per of 24‘Crn ‘T i m c  
( s tandard  cond i t ions )  Days H a l f  - Ilives 

11.9 32.6 0.2 

22.4 65.2 0.4 

9‘1.8 0.6 
130.4 0.8 
163 1.0 

59.8 244 1.5 
69.4 326 2.0 

80.9 48 9 3.0  

89.6 815 5 -0 
92.4 1.650 10.0 

56.7 652 4.0 

b .  Beta p a r t i c l e s  - none 

c .  Gamma 

I n  addrition t o  t h e  garmas from t h e  al-pha decay, 
t he re  a r e  t h e  prompt and f iss j .on-product  g a m a s  
from t h e  spontaneous fission of 2_42c~~l   TI./^ = 
‘(-2 x 10” y). 
given in khe following ‘iab1.e. 

The gamma-emission rates a r e  

Gamia -em is  s ion  rat e , * Photon znei-gy, 
photons sec- l  g-l Me v 

242~m gammas 

1.42 x lolo 
0-27 1014 

2.83 x 10” 

2.44 l o 7  
6.09 x 1.0“ 

1.1.5 x io6 
1.52 I.: 10” 

Pr ornp t gammas 

6.45 x 106 

0.044 
0.10 
0.158 

5 



Fi s s ion -pro dux 1; gmnas 

2.16 .lo7 0.63 
7.99 x 1.06 1.1 
9.36 x 1-0" l . 5 5  
1.80 x 10" 2.38 
2.66 x 10" 2-75 

d. Bremsstrahl-inng - none 

e .  Meu-ti-ons 

5 '242 x. 2.30 x 1.0' neutrons sec-" g-.'- of 

2.0 x 10.' neutrons 

~ r r i  from 
s punt  ane 0u.s - P i s  s ion ( 120 -watt sour ce ) 

g-' of 24.2.7 Lnl from 
( a , r i )  r eac t ion  on oxygen i n  b203 
( ~ o - w a t t  soiirce) 

The ener tgy distribution of spontaneoins f i s s i o n  3 
neutrons f ' r o m  242~m i s  given rin the f o ~ ~ _ o w i n g  
t a b l e .  

Spontaneous Fission Neutrons Prom Ciii 
242 

0.3-0.4 
0.4-0.6 
0.6-0.8 
0.8-1.0 

1.0-1.2 
1.2-1.4 
1.4-1.6 
1.6-1.8 
1. .8 -2 . 0 
2.0-2 -2 
2.2-2.4 
2.4-2.6 
2.6-2.8 
2.8-3 .o 
3.0-3.2 
3 .2 -3 .4 
3.4-3 .G 
3.6-3.8 
3.8-4.0 

7.7 x 1.0" 
1.1 x 10" 
L.6 x lo6 
1..4 x .lo6 

1.4 x 10" 
1.4 x lo6 
1.2 x 10" 
1.1 x 10" 
1.0 x lo6 

3.1 105 
8.4 x 1.0~ 
8.0 lo5 
6.5 x 10" 
5.5 io5 

5 .0  x io5 
5.0 x 10" 
4 .'I x 10" 
3.7 x lo5 
l + . l  x lo5 



FXE'EKENCE COLUMN 
Sponiarieoiis (cont inued)  

* Energy, Abundance, 
Me v neut-cons sec-1- g-1 of 242c1xl 

4 . 0 - 4 .4  
4 .4 - 4 .8 
4.8-5.2 

5.6-6.0 

6.0-6.4 
6.4-6.8 
6 .8 -'7 .p 
7.2 -'7 .6 
7.6-8.0 

8.0-8.8 
8.8-9.6 
9.6 -10.4 

11.2-1.2.8 

5.2-5.6 

1.0.4-11.2 

5.2 x 105 
4 . 4  lo5 
3.2 io5 
2.j x 10" 
1.9 x 1.0" 

1 . 5  x 10" 
I. 1. x 1.0" 
7.5 lo4  
5.6 10" 
4.7 1.0~ 

5.0 10" 
1.5 1.0~ 
1.6 10" 
1.0 i o 4  
7.1 io3 

++ 
120-watt source.  

The energy d i s t r i b u t i o n  of neutrons occurr ing  3 
as a r e s u l t  of a collision of fast alpha p a r t i c l e s  
from 242'cin decay w i t h  oxygen a t o m  i n  C r i ~ O 3  i s  
given i n  t h e  fol-lowing t a b l e .  

Neutrons From (cx,~) Reacti.ons With OxyEen 

Ener zy, Abundance, ' 
MeV neutrons see-' e-' of 242~m 

0.2 
0.4 
0.6 
0.8 

1. . 0 
1.2 
1 .4 
I .6 
1.8 

2.0 
2.2 
2 .b 
2.6 
2.8 

5.0 103 
1.0 1-04 
2.0 104 
2.5 x 10" 

7.6 io4 
1.5  lo5  
2.8 x 10" 
4.5 x 105 
7.6 io5 
1.0 x 1.06 
1.3 x io6 

2.0 x lo6 
2-1 x lo6 

1.7 x lo6 
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Neutrons (coritj.nue(1) 

x Abundance, 
neutrons see-' g -1 or^ "42cm 

Energy,, 
Mev 

3 -0 
3.2 
3.4 
3.6 
3 =8 
4.0 
4.2 
4 .4- 
4.6 
4.8 

2 . 1  x 1.06 
2.1 x 10" 
1.8 x lo6 
I-. 5 j( 1.06 
1.0 ii lo6 

6.5 lo5 
4.0 x 1.0" 
2.8 x lo5 
1.8 105 
5 .o x 1.04 

4. C r i t i c a l  Mass 

5. Compatibili.ty With Materials  or" Containment 

With the  use oY iridj.irm in a metal-metal 0xid.e cermet, 
alloyi.ng o€ iridi-urn with rnoljrbdenlm was observed at 
2000°C. 
w i t h  i r i d i i m  to form a lower inel-ting a l loy .  
Lhe reactj-on .between i r i d i u m  and molybdenum was too 
slow t o  be observed, a t  l e a s t  over a period or̂  t ime 
of 1000 hr. 

A l s o  t he  molten oxide mix appeared to r eac t  
At 1~00°C 

6. Therm-ophgsical Proper t ies  

a. Derisi.ty 

The dens i ty  of oxide mixture i.s equ.al to 
11.67 g/cm3. 

11. Coei"f i c i e i i t  of  thermal expansi.on 

Linear coePficient 
of cxparision, O C - ~  Temperaturc, C 

8.90 x l-O-G 300 

1.0.60 x lo-" 500 

29 

800 

1050 



REFERJilNCE C O L W  
c .  S p e c i f i c  hea t  and enthal-py 

(1) S p e c i f i c  hea t  

Values w i l l  depend on the  mat r ix  m a t e r i a l .  

( 2 )  Enthalpy 

Values will depend on the n a t r i x  m a i c r i a l .  

d .  Temperatures of pliase t ransfovmations 

(1) Melitins po in t  - 2000-2200°C for RmO2--Cm2O3 32 

(2) ~ o i ~ . i n g  point - 31+0ooc f o r  ~m0; l -~m; l03  31 (AQO3)  

mixt u re  

mix L u r e  

e .  Latent hea t s  of phase t ransformat ions  

AH f u s i o n  17 kcal/mole 31 (b .203)  

NI vaporiLat ion 85 kcal/mol e 31 (A@3) 

f. Vapor pressure  

Will depend p r imar i ly  on the matrix metal 
and on t h e  temperature.  

g . 'Thermal conduc i i v i t y  53 ( T h G  
ca.1. cm-I see-' OC-' Teiiiperature, "C 

0.02li.5 100 

0.0143 
0.0081 

400 
800 

0.0059 1.400 
With t h e  s e l e c t i o n  of t h e  proper mat r ix  maLerial  
for.  cermet, i t  should be possib1.e t o  reach  a 
0.06 e a 1  cm-I sec-' OC-' therrnal conduct,iv i L y  
for t h e  cermet.  

h. Thermal. d i f  fus i v i t y  

Values w i l l  depend on t h e  ma'crix m a t e r i a l .  

i. Viscos i ty  

The v i s c o s i t y  w i l l  depend pr.imari1.y on t h e  
p r o p e r t i e s  of  t h e  matr ix  metal.. 

j. Surface t e n s i o n  

The surCace t e n s i o n  will depend p r imar i ly  on 
the  p r o p e r t i e s  of t h e  mat r ix  rneta.1.. 
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k. Total. hemis pher i.c al em.itt aricc 

1. Spect ra l  e m i s s i v i t y  

0.20-0.57 

The ma t r ix  m a t e r f a l  w i l l  have a prorlounced 
e f f e c t  on the emiss iv i ty .  

m. Crystal lography 

C i i ~ O 3 :  MoriocI.inic, beta- type r a r e  -ear-th oxide 

a = 14.28 
b - 3.61, 

p = 100'24 ' 
c r- 8 . p  

Space group 
3 c2 I.1 

Six units per c e l l  

Cm;203 : Orthorhombic 

3. 7.993 
b = 6.188 
c = 3.368 

n. S o l u - b i l i t l e s  

ZnsoLiiblc in water  

0. Di f fas ion  rates 

7. Mechanical P r o p e r t i e s  

Thc meclianicnl. properties of t h e  metal-oxide 
mixture w i . 1 1  depend. s t r o n g l y  on t h e  p r o p e r t i e s  
of t h e  :mat r i.x me 1; a].. 

a. Hard-ness 

b. Crush sbrengbh 

a. Heat  and f r e e  energy of f'ormation, en t ropy  

The therrr-od.ynarnic p r o p e r t i e s  of a metal-0xid.e 
mixture w i l l  depend strongly on t h e  metal  matrix. 

(I.) lieat of  oma at ion 

m"fi' = -440 I c c K L / ~ c ~ ~  

(estimated from Am203 and PiizO~) 

l33FEIGZNCE COLUMJ!J 

1.9 (ThOz) 

2 3  



(2) Free energy- of formation 

= -'+20 kcal/mol..e 

(est,-i.maied f r o m  Ai11203 and PwOs) 

( 3 )  Entropy ( e s t ima ted )  

C m r 0 3 :  s&S =: 38.4 eu 

Cmi)z: S z 3 8  = 20.7 cu 

31 

35 

b. Chemical r e a c t i o n s  and r e a c t i o n  r a t e s  
(oxygen, n i t rogen ,  water,  steam, hydrogen 
1i .quid metals, other) 

These p r o p e r t i e s  will depend on t h e  matr ix  
ma.terial. 

9. E o l o g i c a l .  Tolerances 

The 2'2Cm t 0 1 . e r a i ~ e s  taken from Ref 214. are given j-n 214- 
t he  t a b l e  on t h e  rollowing page. 

10. Sh ie l  dint: Oata 

Gamma dose r a t e s  w i t h  water ,  iron, lead, and uranium 5 
s h i e l d i n g  a r c  given i n  Fizs.  8 - L P  f o r  242Cc111 nower 
sources  o€ 100, 200, >00, 1000, 2000, 5000, 10,000, 
and 20,000 watis.  Neutron dose rates wi th  wa. ter  
s h i e l d i n g  are given i n  F i g .  13. Neutron dose rates on 
s h i e l d i n g  w j t h  Be, CH, CHp, or L i H  can be est imated by 
using Fig.  13 i n  conjunction wi th  F ig .  14. 
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Fig. 1-3. Neutron Dose Rates From Water-Shielded 1sof;opic Power 
Sou.~.ces of Curi.i~rii-2k as a Function oC Penetration Depth of Shielding 
Materia.1.. Center o f  sou.rce to dose poin t  separation distance = 100 cm. 
Ref’er t o  Fig.  9 l;o obtain dose rates through o t h e r  mteria1.s. 
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Fig .  14. Fas t  Neutron Dose Rate (Muliipl-jed by 4nr2) in Various 
MaLi’y ia l s  as a Function of Pene t r a t ion  Depth From a Unit Point  Isotropic 
F i s s i o n  Source. 
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